Rhamnogalacturonan I (RGI) is a pectic polysaccharide composed of a backbone of alternating rhamnose and galacturonic acid residues with side chains containing galactose and/or arabinose residues. The structure of these side chains and the degree of substitution of rhamnose residues are extremely variable and depend on species, organs, cell types and developmental stages. Deciphering RGI function requires extending the current set of monoclonal antibodies (mAbs) directed to this polymer. Here, we describe the generation of a new mAb that recognizes a heterogeneous subdomain of RGI. The mAb, INRA-AGI-1, was produced by immunization of mice with RGI oligosaccharides isolated from potato tubers. These oligomers consisted of highly branched RGI backbones substituted with short side chains. INRA-AGI-1 bound specifically to RGI isolated from galactan-rich cell walls and displayed no binding to other pectic domains. In order to identify its RGI-related epitope, potato RGI oligosaccharides were fractionated by anionexchange chromatography. Antibody recognition was assessed for each chromatographic fraction. INRA-AGI-1 recognizes a linear chain of (1!4)-linked galactose and (1!5)-linked arabinose residues. By combining the use of INRA-AGI-1 with LM5, LM6 and INRA-RU1 mAbs and enzymatic pre-treatments, evidence is presented of spatial differences in RGI motif distribution within individual cell walls of potato tubers and carrot roots. These observations raise questions about the biosynthesis and assembly of pectin structural domains and their integration and remodeling in cell walls.
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Introduction
Rhamnogalacturonan I (RGI) accounts for 20-35% of pectic polysaccharides (Mohnen 2008) and is one of the most heterogeneous polysaccharides found in plant cell walls. Its backbone is composed of [!2)-a-L-Rhap-(1!4)-a-D-GalAp-(1!] repeats. Uronic acids from RGI can be acetylated at the O-2 and O-3 position. Around 20-80% of the Rhap residues can be substituted at O-4 and, to a lower extent, at O-3 with neutral side chains (Albersheim et al. 1996 , Ridley et al. 2001 . RGI side chains include galactan, arabinan or type I (AGI) and II (AGII) arabinogalactan (Carpita and Gibeaut 1993 , Caffall and Mohnen 2009 ). Over 15 different linkages have been identified in RGI side chains (Lau et al. 1987, Caffall and Mohnen 2009) . Arabinan consists of a (1!5)-a-L-Araf backbone, which can be branched at O-3 with Araf units and/or arabinan secondary side chains. Galactan and AGI are both made of a (1!4)-b-D-Galp backbone on which substitutions by monomeric Galp units at the O-6 or at the O-3 position can occur. AGI is further substituted with a-L-Araf-p residues and/ or with (1!5)-a-L-Araf short side chains. AGII is composed of a (1!3)-b-D-Galp backbone decorated with (1!6)-b-D-Galp secondary chains, which are arabinosylated. According to plant sources, organs, tissues and developmental stages, RGI side chain composition, length and degree of branching are highly variable (Lerouge et al. 1993 , Caffall and Mohnen 2009 ). The precise function of RGI is still under debate. Arabinan and galactan are highly mobile polymers compared with other pectin components and have been suggested to act as wall plasticizers and water-binding agents during plant growth and development (Ha et al. 2005 , Larsen et al. 2011 , Ng et al. 2013 . Interestingly, resurrection plants, which possess the ability to survive dehydration of their vegetative organs for an extended period of time and to recover a full metabolic competence upon rehydration, show a high content of arabinose in their leaves (Moore et al. 2008 , Moore et al. 2013 . By extension, it has been speculated that arabinan and galactan, when abundantly present in seeds, can serve a dual function, protecting the seeds against desiccation and providing energy to the growing embryo following germination (Gomez et al. 2009 ). The role of arabinan in cell wall flexibility has also been demonstrated in stomatal guard cells (Jones et al. 2003 , Jones et al. 2005 and epidermal stem cells (Verhertbruggen et al. 2013) . Ulvskov et al. (2005) have investigated the significance of RGI structure for wall rheology, using potato tubers in which RGI structure had been remodeled in vivo using fungal enzymes. Tuber RGI molecules with reduced amounts of linear galactans and branched arabinans were more brittle when subjected to uniaxial compression. The authors suggest that the pectic matrix may play a role in transmitting stresses to the load-bearing cellulose microfibrils and that small changes to the matrix environment impact the biophysical properties of the wall. Zykwinska et al. (2005 Zykwinska et al. ( , 2006 Zykwinska et al. ( , 2007 showed that diverse pectic populations may co-exist in the cell wall, one highly mobile and the other one displaying a restricted mobility and closely associated with the cellulose surface. From these studies, it can be envisaged that some pectic side chains could tether cellulose microfibrils (Zykwinska et al. 2005 , Zykwinska et al. 2006 , Zykwinska et al. 2007 ). Pectins together with xyloglucans would control spacing between cellulose microfibrils, and thus wall extensibility. In contrast, other studies suggest that arabinan could also be involved in cell-cell adhesion (Iwai et al. 2001 , Orfila et al. 2001 . As a matter of fact, the exact contribution of the individual RGI domains in plant physiology remains to be clarified.
High resolution imaging with the aid of specific monoclonal antibodies (mAbs) is very helpful to place the structural complexity of cell wall polysaccharides including pectin in cell biological and developmental contexts . A large set of mAbs against pectin motifs is already available (e.g. through the Plant Probes and CCRC websites) amongst which several mAbs are specifically directed against RGI motifs (Jones et al. 1997 , Willats et al. 1998 , Clausen et al. 2003 , Young et al. 2008 , Verhertbruggen et al. 2009a , Ralet et al. 2010 . However, antibodies directed to highly branched pectic domains or to the junction between the side chains and the RGI backbone have not yet been isolated.
Here, we describe the production and characterization of a novel mAb that binds to AGI. Its immunogen was engineered from RGI isolated from potato pulp by designing through enzymatic catalysis highly branched RGI oligosaccharides with very short side chains and conjugating these oligomers to carrier protein. Subsequent to immunization with this conjugate, we have identified a mouse mAb, designated INRA-AGI-1, which recognizes a motif with galactosyl and arabinosyl residues in a linear chain. The INRA-AGI-1 epitope is present within cell walls of potato tuber and carrot root. Pre-treatment with galactanase was required to unmask the epitope, and no strict co-localization with any of the established RGI antibody epitopes was observed. Based on our findings, we discuss RGI structure, its integration within the pectic and cell wall architectures and how mAbs coupled with enzymatic deconstruction can provide information on the biosynthesis, deposition and remodeling of plant cell wall polymers.
Results
RGI oligosaccharides from potato tuber cell walls consist of RGI stretches highly substituted with short side chains Raw RGI was isolated from de-starched potato pulp using alkaline extraction at high temperature, and was further purified using an anion-exchange batch separation. Purified RGI was then partially depleted of arabinan and galactan side chains to produce so-called low-branched RGI. The RGI backbone was split using a rhamnogalacturonan hydrolase and the large fragments were removed by ethanol precipitation. The pool of oligosaccharides recovered in the ethanol-soluble fraction (designated RUP oligosaccharides) exhibited a galacturonic acid (GalA) over rhamnose (Rha) molar ratio of 1 : 2 and was rich in galactose (Gal) and to a lesser extent in arabinose (Ara) (Fig. 1A) . RUP oligosaccharides also contained low amounts of glucose, fucose, mannose, xylose and glucuronic acid that probably originate from residual hemicelluloses (Cornuault et al. 2015) .
The structural features of RUP oligosaccharides were further investigated by glycosidic linkage and mass spectrometry analyses. Sugar linkage analysis of RUP oligosaccharides was consistent with the neutral sugar composition determined as alditol acetates (Fig. 1A) . Close to 50% of the Rhap residues were identified as 2,4-linked and 16.8% as 2-linked, showing that a high proportion of internal Rha molecules linked at O-2 to GalA within the RGI stretches are branched at O-4 with side chains. A high proportion (27.8%) of 4-linked Rhap was detected (Fig. 1A) . These units are assumed to constitute the non-reducing ends of RGI fragments branched at O-4 with neutral sugar side chains. Finally, a low proportion of unbranched terminal Rhap was detected. Considering 2-and 2,4-linked Rhap as internal residues and t-and 4-linked Rhap as nonreducing termini, an average degree of polymerization (DP) of 5.7 was calculated for the RGI backbone in RUP oligosaccharides. Ara was mainly present as 1,5-linked Araf and t-Araf units, which is typical of linear arabinans (Khodaei and Karboune 2013) . Terminal Arap was also detected as previously reported in soybean RGI (Huisman et al. 2001 ). The ratio of 1,5-linked Araf over t-Araf + t-Arap was close to 1. Galactose was mainly present as t-Galp. The low ratio of 1,4-linked Galp/t-Galp (0.3) indicates that Rhap units mainly carry single Galp units. RUP oligosaccharides also contained 1,6-Galp and 1,3-Galp, but these linkages were detected in very low amounts, in agreement with the findings of Khodaei and Karboune (2013) .
Mass analysis of RUP oligosaccharides was performed using liquid chromatography-mass spectrometry (LC-MS) (Fig. 1B) .
Eleven RGI-related oligosaccharides were detected and all encompassed a DP4 or DP6 RU backbone. The oligosaccharides with a DP4 backbone were eluted first followed by those of DP6. Two compounds could be assigned to unbranched RUP oligosaccharides, six to RUP oligosaccharides branched solely with hexoses and three others to RUP oligosaccharides branched with both hexoses and pentoses. Based on sugar composition (Fig. 1A) , pentose is likely to be Ara and hexose is likely to be Gal. The two major compounds detected by mass spectrometry corresponded to R n U n (R, Rha; U, GalA; n = 2 or 3) oligomers with Rha residues fully substituted by Gal. R 2 U 2 G 2 (G, Gal) has been previously reported as a major compound in rhamnogalacturonan hydrolase digest of potato de-esterified modified hairy regions .
Considering the proportion of branched Rhap residues (75%) and the proportion of total Ara and Gal residues, one can assume that RUP oligosaccharides encompass DP4 and DP6 RUP oligosaccharides bearing mainly monomeric or very short Ara-and Gal-containing side chains.
Monoclonal antibodies to RUP oligosaccharides bind to galactan-rich RGI After lymphocyte fusion with splenocytes, resulting hybridomas were screened on RUP-bovine serum albumin (BSA) and BSA. Four clone supernatants, which reacted only with RUP-BSA, were selected for further characterization. Isotyping revealed that the selected mAbs were all IgMs.
The binding of the four supernatants to a set of cell wallderived polysaccharides and oligosaccharides was investigated using glycan microarrays ( Fig. 2A) . None of the supernatants bound to non-pectic oligosaccharides or polysaccharides printed on the array (cellulose, xylan, mannan or xyloglucan; data not shown). The four supernatants exhibited similar epitope recognition patterns, which differed widely from those obtained with well-known pectin antibodies (Liners et al. 1989 , Jones et al. 1997 , Willats et al. 1998 , Clausen et al. 2004 , Verhertbruggen et al. 2009a , Verhertbruggen et al. 2009b , Ralet et al. 2010 ). The two sole polysaccharides recognized by the supernatants were potato and soybean RGI. These two substrates originate from pectic galactan-rich organs (Jarvis et al. 1981 , Massiot et al. 1988 , Buckeridge et al. 2005 . This specific binding confirmed that the epitope belongs to the RGI domain. The four antibodies all bound to the RUP oligosaccharides used for mice immunization and clone selection, but all other RGIrelated oligosaccharides were not recognized. Neither linear galactan (DP2, 3, 5, 8) or arabinan (DP5, 6, 12) oligosaccharides or unbranched RGI backbone oligosaccharides were recognized by the supernatants. Interestingly, none of the supernatants reacted with R 2 U 2 G 2 . Therefore, we hypothesized that the epitope corresponds to a very specific structure located either in between the RGI side chains and the backbone, or present within the side chains themselves.
In order to characterize further the recognition of the RGI epitopes by the new antibodies, competitive inhibition enzyme-linked immunosorbent assays (ELISAs) were carried out using various RGI fragments isolated from pectic galactan-rich sources. In parallel, homogalacturonan (HG) extracts from citrus and R 2 U 2 G 2 were used as negative controls. Since the four mAbs exhibited similar binding profiles on microarray, only one out of the four supernatants (Sup2), which exhibited the highest binding intensity for both potato RGI and RUP oligosaccharides, was selected for further analysis. The 50% inhibitory concentration (IC 50 ) of the maximal antibody binding to RUP pool-BSA was used to compare its affinity with a range of hapten inhibitors (Fig. 2B ). Sup2 showed a stronger affinity for potato raw RGI (IC 50 : 0.05 mg) than for RUP oligosaccharides (IC 50 : 0.15 mg). Carrot RGI and, to a lower extent, lupin galactan and commercial potato pectic galactan were also recognized by the antibody. Interestingly, Sup2 did not have the same affinity for the two galactan samples extracted from potato (Fig. 2B) . The antibody only bound to the commercial galactan (galactan A), which is less pure (see Table 2 ).
Altogether, these results indicate that the epitope occurs in RGI and is strongly detected in plant extracts, such as potato pulp, which have abundant RGI galactan side chains. Unlike the purified extract of potato galactan that does not contain the epitope, less purified galactans were recognized by Sup2. Therefore, it can be hypothesized that the putative epitope involves sugars other than Gal residues.
The epitope consists of a galactan chain interspersed with a short stretch of arabinan An epitope detection chromatography (EDC) procedure (Cornuault et al. 2014) , adapted to competitive inhibition mode, was performed to pursue the epitope characterization. RUP oligosaccharides were fractionated according to their charge density by anion-exchange chromatography (Fig. 3) . Each fraction was analyzed by colorimetry for GalA and total neutral sugar content, and tested with the Sup2 antibody using competitive inhibition ELISAs. Five pools (designed P1-P5) were identified based on GalA and neutral sugar content and the EDC results. P1, P2 and P5 represented a very low proportion of the total RUP oligosaccharides. Nonetheless, P1, which contained exclusively neutral sugars, P5 which comprised a high proportion of GalA, and, to a lesser extent, P2, which contained both acid and neutral sugars, were particularly well recognized by the antibody. In contrast, P3 and P4 were poorly recognized by the new mAb, considering that they represent the most abundant portion of the total RUP oligosaccharides.
Linkage analysis was performed on pools P1-P4 (Table 1) . P5 could not be analyzed as the amount of neutral sugars it contained was insufficient. P1 was composed solely of Araf and Galp (Table 1) . This pool that is strongly recognized by Sup2 ( Fig. 3 ) thereby encompasses free RGI side chains, not attached to an RU backbone. Surprisingly, solely 5-linked Araf units and no t-Araf or t-Arap units were detected. Galactose was present as 4-linked and terminal units. Since neither branching points nor terminal Ara units were detected, 5-linked arabinan stretches will be included into a 4-linked galactan chain. Considering the proportion of 5-linked Araf, 4-linked Galp and t-Galp, the following overall structure can be proposed:
RUP oligosaccharides were obtained after enzymatic treatment of the purified potato RGI polymer by endogalactanase and endoarabinanase, and, since t-Gal is present in large amounts, it is unlikely that x, y and z exceed a value of 3. P2, P3 and P4 were similar with respect to Rha/Ara/Gal ratios. In P2 and P3, an RU backbone DP of 4 can be calculated and a vast majority (99-100 mol%) of the Rhap units appear branched at O-4. In contrast, close to 25% of the Rhap units present in pool P4 were unbranched (terminal and 2-linked) and an average DP of 6 could be calculated for the RU backbone. The average length of side chains also differed significantly between P2, P3 and P4. P2 contained a higher proportion of internal Gal units (mainly 4-linked Galp) and internal 5-linked Araf units than P3 and P4, which contained mainly t-Galp but also t-Araf. Ara-and Gal-containing side chains were shorter in P3 (average DP1.5) and P4 (average DP1.6) compared with P2 (average DP2.5).
The two main pools (P3 and P4) recovered by anionexchange chromatography were further analyzed by LC-MS ( Supplementary Fig. S1 ). From linkage analysis, it was hypothesized that P3 and P4 were mainly composed of oligosaccharides with a DP4 and DP6 RU backbone, respectively, that were highly branched at O-4 of Rha units, mainly by single Galp residues. In agreement with linkage analysis results, the major compounds identified in P3 and P4 were R 2 U 2 G 2 (m/z 985) and R3U3G3 (m/z 734, doubly charged), respectively ( Supplementary Fig. S1 ). Interestingly, only two oligosaccharides were detected in P3: R 2 U 2 G 2 and R 2 U 2 G 2 A 2 . Since Sup2 did not bind to R 2 U 2 G 2 , it is likely that R 2 U 2 G 2 A 2 is the oligosaccharide recognized in P3. Fragmentation of R 2 U 2 G 2 A 2 by tandem mass spectrometry (MS/ MS) showed that this molecule is not symmetrical ( Supplementary Fig. S2 ). Indeed, the ion C 2 at m/z 501.2 corresponds to a fragment containing one Rha, one GalA and one Gal unit, whereas the Z 2 ion at m/z 747.3 contains, in addition to the same three sugars, the two Ara residues. The detection of a 2, 4 A 4 ion at m/z 1115.3 provides evidence that the reducing end of the molecule consists of GalA. The Z 3 ion at m/z 923.3 has lost a fragment containing one Rha and one Gal at the non-reducing end of the molecule. These results show that the two Ara residues and one Gal residue are branched onto the internal Rha residue next to the reducing GalA unit. The Gal and Ara residues could be included in a single side chain or in two distinct chains branched at O-3 and O-4 of the Rha residue. The presence of the ion generated from an intracyclic fragmentation at m/z 543.2 ( 1,3
A 3 ) provides evidence that the internal Rhap unit is not branched at O-3. This ion corresponds to a trimer of Gal, Rha and GalA carrying a fragment of the internal Rhap residue containing C-2 and C-3 ( Supplementary Fig. S2B ). Therefore, the internal Rha unit is solely branched at O-4 with a trimeric chain encompassing one Gal and two Ara residues. The two Ara residues are likely to be branched as a dimer on the Gal unit since the two pentose units were systematically released together after fragmentation. Indeed, the ion assigned to Z 3 , having lost the two Ara units, was detected at m/z 659.3. Similarly, the two ions at m/ z 599.3 (Z 3 -1,3
A 3 -2Ara) and m/z 581.2 (Z 3 -1,3 A 3 -H 2 O-2Ara) do not contain the pentose dimer. However, from the fragmentation pattern, it is not possible to determine the nature of the link between the Gal residue and Ara dimer.
Similarly, the oligosaccharide at m/z 866.2 present in P4 was assigned to a DP6 RU backbone with one unbranched Rha, one Rha branched by a single Gal residue and one Rha branched by a Gal residue substituted by an Ara dimer (not shown).
To conclude, sugar linkage and mass spectrometry analyses evidenced the presence of a structure encompassing 5-linked Ara and 4-linked Gal included in a single linear chain in the pools P1-P4 (Fig. 4) . Since the supernatant binds to a type I arabinogalactan motif, the new antibody was named INRA-AGI-1. INRA-AGI-1 binding to cell walls of potato tuber and carrot root is increased by a pre-treatment with galactanase
The capacity of the INRA-AGI-1 antibodies to bind pectin in situ was studied using transverse sections of the peripheral region of potato tuber (Fig. 5A) . The labeling pattern of the INRA-AGI-1 antibodies was compared with that of available RGI-related antibodies (LM5, LM6 and INRA-RU1). No labeling was observed with INRA-AGI-1 in the absence of enzymatic pre-treatment of the section (Fig. 5C, E) . Cell walls of the cortex were strongly labeled with LM5 (Fig. 5I) and the labeling showed a gradient of the epitope abundance across the periderm and outer cortex (Fig. 5G) as described in other studies (Bush and McCann 1999 , Bush et al. 2001 , Sabba and Lulai 2004 . The walls from periderm and cortex were labeled moderately with LM6 ( Fig. 5K-M ) and no clear gradient was observed along the transverse sections. INRA-RU1 bound the potato walls of the periderm and cortex region, with a stronger labeling in the outer region (Fig. 5O) than the inner region of the tuber (Fig. 5Q) .
As long galactan side chains may impede the access of antibodies other than LM5 to their epitopes, sections were treated with endogalactanase prior to the immunolabeling procedure. The decrease of labeling with LM5 after galactanase pre-treatment confirmed the efficiency of galactan digestion ( Fig. 5H-J) . The degradation of galactan led to the detection of the INRA-AGI-1 epitope across the section (Fig. 5B) . The epitope was more abundant in the periderm and outer cortex ( Fig. 5B-D ) than in the inner cortex (Fig. 5F ). The labeling with LM6 and INRA-RU1 was also increased after galactanase pretreatment (Fig. 5L-N , P-R). To investigate further the impact of RGI traits in the INRA-AGI-1 binding in situ, sections pretreated with galactanase were incubated with an endoarabinanase alone or sequentially with an arabinanase and a rhamnogalacturonan hydrolase, or an arabinanase and a pectin lyase, prior to immunolabeling ( Supplementary Fig. S3 ). The binding of INRA-AGI-1 was slightly enhanced with the double treatment involving the galactanase and the arabinanase ( Supplementary Fig. S3B ). Further enzymatic deconstruction involving rhamnogalacturonan hydrolase increased the epitope detection ( Supplementary Fig. S3C ), but no difference in the pattern of epitope occurrence was revealed. Removal of HG by pectin lyase after the galactanase and arabinanase treatments did not improve the detection of the INRA-AGI-1 epitope ( Supplementary Fig. S3D ). When the pectin lyase was used on its own to pre-treat the sections, no labeling was observed, even in the middle lamella (not shown). As none of the enzymatic treatments resulted in loss of the INRA-AGI-1 epitope, it could be concluded that the epitope is recalcitrant to available RGI and HG enzyme actions.
The occurrence of the RGI-related epitope in the outer cortex was investigated at the ultrastructural level. As seen by light microscopy, in sections in which galactan had not been enzymatically removed, INRA-AGI-1 epitope was not detected (Fig. 6A) . After removal of galactan, the INRA-AGI-1 epitope was detected throughout most cell walls (Fig. 6B ) and also at cell junctions (Fig. 6D) . The expanded middle lamella at filled intercellular spaces was also labeled (Fig. 6D) . In the absence of galactanase pre-treatment, INRA-RU1 binding was concentrated in the middle lamellae (Fig. 6E, F) . Removal of galactan led to detection of the INRA-RU1 epitope throughout the wall (Fig. 6G, H ) except in the inner region very close to the plasma membrane and at filled intercellular spaces (Fig. 6I) . The LM6 epitope in the absence of pre-treatment with galactanase was detected throughout the wall except in the region of expanded middle lamella at cell corners (Fig. 6I-M) . The LM5 epitope was mostly restricted to the primary walls (Fig. 6J, K) as previously described (Bush and McCann 1999) .
In conclusion, the distribution pattern of the INRA-AGI-1 epitope differs from patterns described for pectic epitopes to date. It was unmasked by the removal of galactan, but did not co-localize with the LM5 epitope. The INRA-AGI-1 epitope only partially co-localized with LM6 and INRA-RU1 epitopes.
The occurrence of the INRA-AGI-1 epitope was also determined in carrot root cell walls where a galactanase pre-treatment was essential for its detection. The labeling was very faint and, when present, restricted to the middle lamellae (Fig. 7A) , lining intercellular spaces (Fig. 7B) or at filled spaces (Fig.7C) . As observed in potato tubers, the INRA-AG1 epitope did not colocalize with LM5 ( Fig. 7G-I ) and only partly with the INRA-RU1 epitope (Fig. 7D-F) .
Immunolabeling results on both potato tuber and carrot root sections confirmed the occurrence of the epitope in middle lamellae. However, the notable difference was that in addition to middle lamella, the epitope was also detected in the primary cell walls of potato tubers.
Discussion
Occurrence of internal arabinose in type I arabinogalactan from potato tuber RGI extract RUP oligosaccharides were purified from raw RGI solubilized from potato pulp by alkaline extraction. Using a combination of RGI enzymes to degrade the side chains and split the RGI backbone, we have succeeded in recovering low DP RGI oligosaccharides highly branched with short side chains. Most of the oligosaccharides contained only Gal side chains. Similar oligosaccharides arising from a rhamnogalacturonan hydrolase digest of 'modified hairy regions' were identified in apple (Colquhoun et al. 1990 ), carrot, onion, leek, potato, pear and sugar beet (Ralet et al. 2010 ). In our study, oligosaccharides containing both Ara and Gal were additionally identified (R 2 U 2 G 2 A 2 , R 3 U 3 G 2 A 1 and R 3 U 3 G 3 A 2 ) but no a-L-arabinose directly branched onto Rhap was detected. Interestingly, fragmentation of R 2 U 2 G 2 A 2 by MS/MS revealed that the two Ara units were linked as a dimer to one Gal unit attached to the internal Rha residue. These results strongly suggest that arabinan side chains are branched to the RGI backbone through a Gal moiety. As a matter of fact, only a few studies have reported a direct connection of arabinan side chains to the RGI backbone (Lau et al. 1987 , Ducasse et al. 2011 ).
In a previous study, the structural complexity of potato RGI side chains was highlighted (Øbro et al. 2009 ). Indeed, Øbro and co-workers have shown that b-(1!4)-galactans were released by endoarabinanase treatment of purified potato RGI. No clear gradient of detection along the transverse section was observed for the LM6 epitope (K, M). The LM5 detection was lost after endogalactanase pre-treatment (H and J). In contrast, the endogalactanase pre-treatment leads to an increase of detection of the LM6 (L and N) and INRA-RU1 (P and R) epitopes. Pd, periderm; Cx, cortex; Oc, outer cortex; Ic, inner cortex. Scale bar = 100 mm (A, B); 50 mm (C-R).
backbone through short galactan anchor chains; and (iii) b-(1!4)-galactans may be present as side chains or extensions of arabinans. Type I arabinogalactans containing both Ara and Gal residues linked in a linear chain have not been frequently reported. This structure was evidenced in CDTA-extractable soybean pectin on which free oligosaccharides made of (1!4)-linked Gal interspersed with one internal (1!5)-linked Araf were identified (Huisman et al. 2001) . Interestingly, in the present study, a similar structure was identified in the neutral pool (P1) of the RUP oligosaccharides. Complex Ara-and Gal-containing side chains have also been found in other RGI-rich extracts. In suspension-cultured sycamore cells, Araf was found linked to O-3 of Gal branched at O-4 of Rha (Lau et al. 1987) . In Gossypium hirsutum L., Zheng and Mort (2008) have also isolated the R 2 U 2 G 2 A 2 fragment. in contrast to our findings, the two Ara units were not linked together but branched onto a Gal residue as single units, one at the O-3 position and one at the O-4 position.
INRA-AGI-1 recognizes a type 1 arabinogalactan motif
mAbs were raised against the RUP oligosaccharides and one of them (INRA-AGI-1) was characterized in detail. A highthroughput screening of its antigenicity recognition using glycan microarrays has shown that INRA-AGI-1 has a novel binding pattern compared with the available RGI-related mAbs. INRA-AGI-1 appeared to be very specific. It did bind to potato and soybean polymeric RGI and to RUP oligosaccharides, and competitive inhibition ELISAs have provided evidence that the epitope was also present in two other cell wall pectic galactan-rich plant sources, carrot and lupin. However, INRA-AGI-1 did not react with any of the other polymeric and It is distributed throughout the wall [as shown in a low magnication micrograph (B) including the middle lamella (as highlighted by the arrow in C)] and filled corners (highlighted by double-headed arrows in D). In the absence of endogalactanase pre-treatment (Gal-), unbranched RGI backbone, recognized by INRA-RU1, is only marked in the middle lamella (E, F) whereas it is detected in both the middle lamella and primary cell walls after the degradation of galactan (G-I). The dashed arrows in (H) and (I) highlight the absence of INRA-RU1 detection in the inner wall region close to the plasmalemma and filled cell corners, respectively. The LM5 epitope is mainly localized at the primary walls (as indicated by the arrowheads in J and K) whereas the LM6 (L-M) epitope is readily detected throughout the wall except at cell corners where the middle lamella expands. Scale bar = 1 mm.
oligomeric pectin-related substrates tested; notably, HG, AGII and oligosaccharides arising from (1!4)-linked galactan, (1!5)-linked arabinan, unbranched RGI backbone and branched RGI backbone by single Gal residues (R 2 U 2 G 2 ) were not recognized.
In order to obtain further insight into the epitope structure, a variant to the epitope detection chromatography technique developed by Cornuault et al. (2014) was implemented. RUP2 antibody bound a minor neutral fraction (P1) containing oligosaccharides of (1!4)-linked Galp residues interspersed with internal (1!5)-linked Araf residues, indicating that the RGI backbone is excluded from the epitope recognition. Interestingly, two other anion-exchange chromatographyresolved fractions (P3, P4) which, to a lower extent, also reacted with INRA-AGI-1 contained RGI backbone fragments branched with Ara and Gal linked in the same chain (R 2 U 2 G 2 A 2 and R 3 U 3 G 3 A 2 ). Taken altogether, our results suggest that the epitope recognized by INRA-AGI-1 antibodies is a linear structure, which consists of: The presence of (1!4)-linked Gal residues in the epitope and the fact that the antibody showed a strong specificity for the RGI extract and no binding to the majority of the other cell wall extracts we have tested by glycan microarrays are in favor of an RGI origin for this motif. However, it cannot be precluded that this peculiar motif might be a linkage or anchor domain that tethers different glycans together. Indeed, in addition to RGI 'internal' structural complexity, there is increasing evidence that RGI could be part of glycan mega-structures encompassing several cell wall polymers. An arabinoxylanpectin-arabinogalactan protein complex (APA1) has recently been isolated from Arabidopsis suspension culture media (Tan et al. 2013) . Interestingly, two antibodies to heteroxylan were produced using RUP oligosaccharides as immunogens (Cornuault et al. 2015) .
Occurrence of RGI-related epitopes in potato tuber cell walls
The INRA-AGI-1 epitope was detected in situ in potato tuber and carrot root cell walls, but enzymatic removal of galactan was a prerequisite. If we assume that the epitope in planta is attached on the RU backbone, it could be hypothesized that it is at least partly present close to the backbone. Indeed, if the short internal (1!5)-linked Ara units would have only been present far from the RU backbone (i.e. a long galactan chain anchor to the RU backbone), the galactan anchor would have been hydrolyzed by endogalactanase and the epitope would have been lost. INRA-AGI-1 binding was shown to increase slightly after arabinan and RGI backbone enzymatic hydrolysis. It is noteworthy that total depletion of potato RGI side chains by extensive arabinan-and galactan-degrading enzymes cannot be achieved (Sørensen et al. 2000 , Skjøt et al. 2002 , ØBro et al. 2009 , Larsen et al. 2011 .
Altogether, these observations suggest that the presence of the INRA-AGI-1 epitope is masked by long galactan side chains and that the epitope is partially protected from the action of RGI hydrolases.
An increasing gradient of INRA-AGI-1 epitope abundance towards the outer cortex was observed.
The detection of the INRA-RU1 and LM6 epitopes increased after galactanase treatment, confirming that these epitopes are partially masked by galactan present in large amounts in potato tuber. No gradient of LM6 and INRA-RU1 epitopes was revealed after galactanase treatment.
At the ultrastructural level, the INRA-AG-1 epitope did not co-localize strictly with any of the known RGI epitopes. It was found to be present in primary cell walls and middle lamellae in potato tuber. In carrot roots, it was restricted to middle lamellae. The INRA-AGI-1 epitope is therefore a novel, previously unidentified, epitope, and its presence or extent of masking may be regulated at both the level of tissues and across cell walls.
In the last 15 years, notable differences in the distribution of RGI epitopes in relation to cell type and developmental stage in different organs have been revealed by immunohistochemistry (Willats et al. 1999 , Ermel et al. 2000 , Bush et al. 2001 , McCartney et al. 2003 . The arabinan LM6 epitope has been predominantly detected in proliferating cells while the galactan LM5 epitope has been observed in elongating cells and cambium. However, the appearance of galactan is not always correlated with cell elongation. In pea cotyledon cell walls, galactan appears quite late in development while arabinan is present throughout development (McCartney et al. 2000) . In mature potato tubers, galactan is the major cell wall polysaccharide (Jarvis et al. 1981) . In this study, we clearly showed that RGI epitopes are also not evenly distributed throughout the wall at the cell level. This confirms previous results obtained with the set of antibodies that was available at the time (Bush and McCann 1999 , Bush et al. 2001 , Lee et al. 2013 . The restricted location of the galactan LM5 epitope to the inner region of the wall while galactan accounts for the major cell wall polysaccharides in potato raises a question about the representativeness of the LM5 epitope for galactan and arabinogalactan. The occurrence of some forms of galactan-containing elements that are not accessed by LM5 is suggested by the treatments with endogalactanase that result in unmasking of the INRA-AGI-1 epitope in cell wall regions where the LM5 epitope is not detected. Non-strict co-localization of RGI epitopes at the cell wall level strongly suggests that different populations of RGI molecules may be synthesized at different times during cell wall development and may co-exist in muro: RGI with a low density of side chains in the middle lamella, and galactan-or arabinanrich RGI in the primary wall. The existence of distinct populations of RGI side chains is supported by the analysis of Arabidopsis mutants that lack pectic arabinan or galactan synthase activity. Indeed, the inactivation of GALS1, a galactan galactosyltransferase (Liwanag et al. 2012) , and ARAD1, a putative arabinan arabinosyltransferase (Harholt et al. 2006 , Harholt et al. 2012 ), led to a partial reduction of galactan and arabinan, respectively, and both enzyme activities have been shown to be developmentally regulated. It can therefore be expected that several enzymes are required for the RGI side chain biosynthesis-probably regulated during wall formationwhich would therefore result in distinct RGI subpopulations. This is reflected in the observations presented here. The heterogeneity of RGI revealed by epitope detection anion-exchange chromatography applied on alkaline cell wall extracts of tobacco seed endosperm also supports the co-existence of different RGI populations (Lee et al. 2013) . Possibly not all side chains are attached to the RGI backbone. Neutral arabinan and galactan free of GalA and Rha have been isolated from mung bean hypocotyls (Herve du Penhoat et al. 1987) . Data obtained from transgenic potato plants (Oomen et al. 2002) are, however, against this hypothesis. Transgenic potato plants expressing a rhamnogalacturonan lyase produce tubers with altered morphology and reduced amounts of both Gal and Ara (Oomen et al. 2002) . The remaining galactan is found in the middle lamella at cell corners which is in contrast to its location in the primary walls of wildtype tubers. This suggests that anchoring of galactan and arabinan to the RGI backbone is required at least for correct insertion into cell walls.
As the set of available mAbs to RGI increases, it appears that RGI side chains are more diverse than initially thought, with complex patterns of occurrence at both the tissue and cell wall levels. INRA-AGI-1 is the second antibody, with LM16, which recognizes a motif involving both Gal and Ara residues. Both antibodies recognize distinct patterns, as LM16 is proposed to bind to a terminal Gal residue after arabinanase treatment (Verhertbruggen et al. 2009a ) and INRA-AGI-1 recognizes a short stretch of arabinan surrounded by Gal residues. Interestingly, the epitope detection of both antibodies is increased following enzymatic degradation. The biosynthesis and remodeling of pectin in plant cell walls is poorly understood and, here, we present a new mAb available to the plant community that should contribute to understanding such mechanisms further.
Materials and Methods
Plant material, enzymes and glycans Enzymes. The purified endo-1,4 -b-galactanase (940 UI ml
À1
; from Aspergillus niger) was obtained from Megazyme. Endo-1,5-a-arabinanase (950 UI ml À1 , from A. niger) was prepared as previously reported (Bonnin et al. 2002) . Rhamnogalacturonan hydrolase from Aspergillus aculeatus (Batch PPJ4478) was purchased from Novozyme. Pectin lyase (57.6 nkat ml
) was purified in the laboratory from a crude preparation Peclyve of A. niger (Lyven) following the method described in Ralet et al. (2012) .
Glycans. Polysaccharides used in the present work are referenced in Table 2 . RGI backbone oligosaccharides (R n U n oligosaccharides with n = 2-18, designated RU oligosaccharides; R, Rha and U, GalA,) were isolated from Arabidopsis thaliana seed mucilage by Ralet et al. (2010) . DP-resolved RU [designated RxUy(Gz), arabinan (DP5-12) and galactan (DP4-15)] oligosaccharides were prepared according to Ralet et al. (2010) .
RUP oligosaccharides were generated from de-starched potato pulp. Potato pulp (10 g) was enzymatically de-starched (Cornuault et al. 2015) and the resulting suspension was mixed with NaOH (0.1 M final) and left for 2 h at 90 C. After filtration and neutralization, the filtrate was concentrated to 1.5 liters by rotary vacuum evaporation at 40 C. The extracted polymers were then precipitated with 2 vols. of ethanol overnight at 4 C. After centrifugation (8,100Âg, 15 min), the supernatant was discarded and the pellet was re-suspended in an ethanol : water mixture (72 : 28, v/v) and centrifuged as described above. The pellet was then dissolved in distilled water and dialyzed to remove residual salts. Finally, the salt-free solution was filtered on a membrane (3 mm pore size) and freeze-dried. The so-called raw RGI fraction (1,200 mg; molar ratio Rha : Gal : GalA, 1 : 8.4 : 8.2) was further purified using DEAE-Sepharose fast flow gel. After pre-equilibration of the gel (150 ml) with 20 mM sodium acetate pH 4.5, raw RGI solution (400 mg in 40 ml of H 2 O) was mixed with the gel and left for 20 min at room temperature with occasional manual stirring. The supernatant was recovered and the gel was further washed four times with 100 ml of 20 mM sodium acetate buffer pH 4.5. The supernatant and washes, that corresponded to an RGI-enriched fraction, were pooled and filtered on a G3 sintered glass. The whole procedure was performed three times and the three filtered RGI-enriched fractions were pooled, dialyzed and freeze-dried.
The RGI-enriched fraction (650 mg; molar ratio Rha : Gal : GalA, 1 : 12.7 : 2.6) was then dissolved in 50 mM sodium acetate buffer pH 4.5 (130 ml) and sequentially incubated with an endo-1,4-b-galactanase (from A. niger, Megazyme International, 1 ml, 2.35 U ml À1 ) for 150 min at 40 C and an endo-1,5-a-arabinanase (cloned from A. aculeatus in Aspergillus oryzae, Novozyme, batch PPJ44381, 2.3 ml at 3.42 U ml À1 ) for 24 h at 30 C to degrade galactan and arabinan side chains, respectively. The enzymes were inactivated by boiling the solution for 5 min and the released oligosaccharides were removed by dialysis. The galactan-and arabinan-depleted RGI fraction was freeze-dried.
The arabinan-and galactan-depleted RGI fraction (116 mg; molar ratio Rha : Gal : GalA, 1 : 1.3 : 1.7) was then incubated with GH 28 rhamnogalacturonan hydrolase (Novo Nordish Batch PPJ4478, 25 g of recovery pilot plant 09/12/ 1993, 300 ml at 1 mg ml À1 ) in 10 mM sodium acetate pH5 for 180 min at 40 C to split the RGI backbone. Large fragments were removed by ethanolic precipitation (50%, overnight at 4 C) followed by centrifugation (10 min, 15,000Âg). The ethanol-soluble fraction was recovered, concentrated by rotary vacuum evaporation, desalted and freeze-dried. This was designated as RUP oligosaccharides (78 mg).
Anion-exchange chromatography
Separation was performed at room temperature using a DEAE-Sepharose fast flow gel column (1.6Â13.5 cm). The gel was equilibrated with degassed 25 mM Na acetate buffer pH 5.5 at a flow rate of 1 ml min À1 . RUP oligosaccharides (20 mg 2 ml
À1
) were loaded onto the column. The gel was washed with 51.6 ml of 25 mM Na acetate buffer. The material attached to the column was eluted with a linear gradient of NaCl (0.025-0.2 M) in 25 mM Na acetate buffer (262 ml) and with 0.5 M NaCl in 25 mM Na acetate buffer (34 ml). RUP oligosaccharides were recovered in 90 tubes which were analyzed for their neutral sugar and galacturonic acid content.
Sugar analysis
Uronic acid and neutral sugar analyses. Uronic acid content was determined by the automated m-hydroxybiphenyl assay (Thibault 1979) . The difference in response of glucuronic acid and GalA in the presence and absence of tetraborate was used to differentiate them (Renard et al. 1999) . Total neutral sugars were quantified by orcinol assay with correction for the GalA acid interference (Tollier and Robin 1979) . Individual neutral sugars were analyzed as their alditol acetates by gas-liquid chromatography (Englyst and Cummings 1988) . Chromatography was performed on a fused-silica capillary column (30 mÂ0.32 mm) bound with OV-225 (50% cyanopropylphenyl dimethylpolysiloxane, temperature 210 C, carrier gas H 2 ). Inositol was used as internal standard and the assays were calibrated using a standard solution made of monomers.
Glycosidic linkage analyses of RUP oligosaccharides and derived anion-exchange chromatography fractions. RUP oligosaccharides and derived fractions solubilized in water (1 mg ml À1 ) were converted into their H + form by percolating the solutions through a 1 ml Sigma Dowex Õ 50WX4 resin. Once collected, the samples were freeze-dried and then dried in a vacuum oven at 40 C for 2 h before being dissolved in dimethylsulfoxide (DMSO; 0.2 ml) and sonicated for 2 min. The mixtures were left for 30 min at room temperature. Methylation was performed by adding to the mixtures in the following order: 0.2 ml of NaOH-DMSO reagent and 0.1 ml of methyl iodide (Anumula and Taylor 1992) . To enhance the reaction, mixtures were sonicated and vortexed several times. The reaction was stopped after 10 min by the addition of water (2 ml) and the methylated products were extracted with chloroform (2 ml). The solutions were vigorously vortexed before a brief centrifugation, which allowed a strict separation of two phases. The aqueous supernatant phase was removed by aspiration. The organic phase was washed three times with water (2 ml) and dried under a stream of N 2 . Methylated carbohydrates were hydrolyzed with 2 M trifluoroacetic acid and converted to their alditol acetates. The partially methylated alditol acetates were analyzed by gas chromatography-mass spectrometry (TRACE-GC-ISQ, Thermo TM ) on a non-polar thermo scientific TM TraceGOLD TM TG-1MS GC Column (30 mÂ0.25 mmÂ0.25 mm) using H 2 as carrier gas at a flow rate of 1.5 ml min
À1
. The samples were injected at 240 C. The column oven temperature was maintained for 5 min at 60 C and increased up to 315 C (3 C min
), where it was maintained for 2 min. The ion source temperature of the electron impact (EI) mass spectrometer was 230 C. Masses were acquired with a scan range from m/z 100 to 500. Identification of partially methylated alditol acetates was based on their retention time combined with mass spectra fragmentation and compared with a home-made library. Samples were also analyzed on a GC Perkin-Elmer autosystem equipped with a fused-silica capillary column (30 mÂ0.32 mm) bound with OV-225 (50% cyanopropylphenyl dimethylpolysiloxane) using H 2 as carrier (80 KPa). Detection was performed at 220 C with a flame ionization detector (FID). The results from both assays were averaged as they closely converged.
Neoglycoprotein preparation
Neoglycoproteins were prepared by coupling RUP oligosaccharides to BSA or ovalbumin by reductive amination (Roy et al. 1984) . The relative proportion of carbohydrate to protein in the conjugates was determined using the orcinol and m-hydroxybiphenyl methods for carbohydrates (Thibault 1979, Tollier and Robin 1979) , and the Bradford method (Bradford 1976) for proteins. The weight ratio of proteins to oligosaccharides was 0.7 for BSA conjugates and 0.43 for ovalbumin conjugates.
Production of antibodies
Three BALB/c mice were injected subcutaneously twice at 2 week intervals with 20 mg of RUP-BSA emulsified in Titermax Gold Adjuvant (Sigma). Three days after the second immunization, mice were sacrificed. The popliteal lymph nodes were removed, and the lymphocytes were suspended by perfusion and fused with a SP2/0 myeloma cell line using standard hybridoma preparation and limiting dilution cloning procedures. The hybridoma supernatants from the fusion were screened for the presence of antibodies reacting with RUP-BSA conjugate by indirect ELISA. The selected hybridomas were subcloned by dilution. Crude hybridoma supernatants were used as the source of monoclonal antibodies.
Indirect ELISA and competitive inhibition ELISA Indirect ELISA and competitive inhibition ELISA were performed as described in Ralet et al. (2010) . RUP and other pectin-derived materials were used as competitors. The concentration of competitor giving a 50% inhibition (IC 50 ) of the binding was determined by plotting the competitor concentration vs. absorbance. Values from controls with no competitor were taken as 0% inhibition, and values from controls with no antibody represented 100% inhibition of binding.
Competitive inhibition ELISA was also performed using as competitors RUP oligosaccharide fractions separated by anion-exchange chromatography. Each fraction was diluted 5-fold with 25 mM Na-acetate buffer to obtain a 1 ml final volume. The pH of phosphate-buffered saline (PBS) buffer was adjusted to pH 8 (PBS8) to balance the acidic acetate buffer (pH 5.5) present in the fractions. KCl concentration was also increased to 5.4 mM in PBS8. The fractions were finally diluted 2-fold with PBS8. A 50 ml aliquot of the diluted solutions (containing carbohydrates) was mixed with 50 ml of clone supernatant. The following steps were performed as described above. Pools (P1-P5) were considered for further characterization. Pools were collected, dialyzed and desalted using a column (100Â1.6 cm) of Sephadex G-10 at 1 ml min À1 eluted with deionized water and then freeze-dried.
Glycan microarray
Polysaccharides and oligosaccharides derived from different pectin and hemicellulose sources were used to evaluate the mAb binding specificities (Moller et al. 2008 , Sørensen et al. 2009 , Pedersen et al. 2012 . Polysaccharides were dissolved in water. Oligosaccharides were coupled to BSA (Roy et al. 1984 , Pedersen et al. 2012 . Glycans and glycoconjugates were printed using a piezoelectric non-contact microarray robot (Sprint, Arrayjet) onto a nitrocellulose membrane with a pore size of 0.45 mm (Whatman). The developed microarrays were scanned at 2,400 d.p.i. (CanoScan 8800F), converted to TIFFs and signals were measured using Array-Pro Analyzer 6.3 (Media Cybernetics software). The mean spot signals obtained are presented in a heatmap in which the color intensity is correlated to signal. The highest signal in each data set was set to 100, and all other values were normalized accordingly, as indicated by the color scale bar.
LC-MS
Ion pairing-reversed phase chromatography separation (IP-RP-UHPLC). Chromatographic separation of RUP samples and P1-P5 was achieved at 45 C, on an ultra-performance liquid chromatographic system (UHPLC, Acquity H-Class Õ Waters), mounted with a BEH C18 column (100Â1 mm, packed with 1.7 mm porosity particles; Waters), at a flow rate of 150 ml min
À1
. A ternary gradient was applied (Table 3) as described in Ropartz et al. (2014) .
Collision-induced dissociation (CID) MS/MS measurements. MS/MS experiments were performed on a Q-TOF Synapt G2Si HDMS (Waters) in negative ion mode. Samples were diluted 2-fold with MeOH introduced manually into the electrospray ion source at a flow rate of 5 ml min
. The ion spray capillary voltage was maintained at 3 kV and the temperature source at 120 C. Argon was used as collision gas. Collision energy was optimized for each sample. Fragments were annotated according to the nomenclature of Domon and Costello (1988) . Data were recorded using MassLynx 4.1 (Waters).
Immunofluorescence microscopy
Sample preparation. Small pieces of fresh tissues were sampled from peripheral regions of potato tubers and elongation zones of carrot roots. Samples for light microscopy and transmission electron microcopy (TEM) were processed as described in Ralet et al. (2010) . Semi-thin (1 mm) and ultra-thin sections (80 nm) were cut with an ultramicrotome (Leica Microsystems, UC7) equipped with a diamond knife. Semi-thin sections were mounted on multiwell glass sides pre-treated with VectaBond section adhesive (Vector Laboratories, www.vectorlabs.com). Ultra-thin sections were collected on nickel grids.
Toluidine blue staining. Semi-thin sections were stained with 1% (w/v) toluidine blue O in 2.5% Na 2 CO 3 for 60 s then washed with water and examined with a microscope (Zeiss, Axiovert-135) equipped with a QImaging Retiga 2000R Scientific CCD Camera.
Immunolabeling. Sections were subjected to immunofluorescence and immunogold labeling. The sections were treated with 3% BSA in PBS for 1 h at room temperature to block non-specific labeling. Then, material was incubated for 1 h at room temperature with primary LM5 (Jones et al. 1997 ), LM6 (Willats A, pure water; B, pure methanol; and C, 20 mM heptylammonium dissolved in water adjusted to pH 6 by addition of formic acid.
et al. 1998), INRA-RU1 (Ralet et al. 2010 ) and INRA-AGI-1 hybridoma supernatants at dilutions of 1/10 in PBS containing 1% BSA and 0.05% Tween (BT-PBS). Tissues were washed (five times for 5 min) in BT-PBS and then exposed to goat anti-rat (LM5, LM6) or anti-mouse (INRA-RU1, INRA-AGI-1) IgG antibodies conjugated to Alexa fluor Õ 546 nm at a dilution of 1/100 in BT-PBS for 1 h. The samples were washed three times in BT-PBS and five times in water. For the immunofluorescence, sections were covered with water, mounted with a cover slide and observed using a microscope (Leica, DMRD) equipped with epifluorescence irradiation. A band-pass filter at 515-560 nm was used as the excitation filter and fluorescence was detected at >570 nm. Images were recorded with a sensitive cooled camera (Nikon, DS-1QM). For TEM, sections were treated following the same procedure as that of resinembedded semi-thin sections, using as secondary mAbs nanogold conjugates (goat anti-rat IgG or goat anti-mouse IgG conjugated with 1 nm colloidal gold complexes, Aurion) diluted 1 : 20 (v/v) in the buffer used for diluting the primary antibodies. Labeling was intensified with silver enhancement kits (Aurion) according to the manufacturer's instructions. Sections were stained with 2% uranyl acetate and then examined with a transmission electron microscope (Jeol, JEM-1230) with an accelerating voltage of 80 kV. In some cases, enzymatic treatments were applied on sections prior to immunolabeling. RGI was degraded using endo-arabinanase (2 U), endo-galactanase (2 U), rhamnogalacturonan hydrolase (0.1 mg ml À1 ) and pectin lyase (1.4 nKat) in 50 mM acetate buffer pH 4.5, for one night at 37 C. For multi-treatment on the same cross-section, each enzyme was applied sequentially, in the following order: (i) endogalactanase; (ii) endoarabinanase; and (iii) finally rhamnogalacturonane hydrolase or pectin lyase. After and between each enzymatic treatment, samples were washed first with 50 mM acetate buffer pH 4.5 (five times for 5 min) and then with water (three times for 5 min).
Supplementary data
Supplementary data are available at PCP online.
Funding
This work was supported by the European Union [Seventh Framework Programme (FP7 2007 
